Purpose This study aimed to improve the effectiveness of orthotic treatment for the patients with AIS using the threedimensional clinical ultrasound (3D CUS) method in which the optimal location of pressure pad of spinal orthosis was determined with the assistance of ultrasound image analysis. Methods By means of 3D CUS method, the spinous process angle (SPA) could be traced and used as a clinical parameter to estimate the Cobb's angle in order to determine the location of pressure pad. Twenty-one patients (test group) and 22 patients (control group) were recruited to the ultrasound-assisted fitting method and the conventional fitting method, respectively. All the measurements were done by a blinded observer. Results The intra-rater reliability of using 3D CUS to measure SPA was found [0.9 [ICC (3,3) = 0.91, p \ 0.05]. In the test group, 13 out of 21 patients were required to adjust the location of pressure pad in order to achieve the largest curvature correction. The mean immediate in-brace corrections (Cobb's angle measured from radiographs) of the test group (mean thoracic curve correction: 10.3°, mean lumbar curve correction: 10.1°) were found significantly higher (p \ 0.005) than that of the control group (mean thoracic curve correction: 4.6°, mean lumbar curve correction: 6.0°). The results showed that the ultrasound-assisted fitting method of spinal orthosis was effective and beneficial to 62 % of the patients in this study. Conclusions The 3D CUS could be considered as an effective, non-invasive and fast assessment method to scoliosis, especially in enhancing the effectiveness of orthotic treatment and its applications could also be further extended to other spinal deformities.
Introduction
Adolescent idiopathic scoliosis (AIS) is described as structural deformity with lateral curvature and vertebral rotation of the spine that happens in adolescence with unknown causes [6, 7, 21, 22, 26] . The most commonly used parameter to measure scoliotic curvature is Cobb's angle. Spinous process angle (SPA), which is another parameter proposed to assess scoliotic curvature, is described as the accumulating angle formed by every two lines joining three neighbouring spinous processes of a scoliotic spine [13] . Some corresponding studies [16, 17] were conducted and high correlation between the Cobb's angle and SPA was obtained from both the pre-brace and in-brace stages.
In routine clinical practice, the blueprint of orthotic treatment prescribed to patients with AIS is mainly based on the patient's Cobb's angle, vertebral rotation and curve pattern. The Cobb's angle measured from the radiographs which are usually obtained at the pre-brace stage and regular clinical follow-up with a 4-month interval. However, no radiograph is usually taken in the fitting process of spinal orthosis in consideration of radiation exposure. Although radiography is a standard way to diagnose and evaluate curve progression, over a lifetime of having radiographs, a scoliosis patient can be cumulatively exposed to high doses of ionizing radiation [20] . In particular, radiography exposes sensitive breast tissues to ionizing radiation. Females comprise about 80 % of cases followed for scoliosis. The breast cancer rate has been reported higher in females who have been followed for scoliosis [14, 19] . In the conventional fitting method of spinal orthosis, trunk listing is generally used as an indicator to check whether the orthosis is alleviating or worsening the deformity in the fitting process. However, there is no evidence for a direct relationship between the trunk listing and the spinal curvature.
Moreover, to what extent the deformities can be controlled during the orthosis fitting is far from known with the existing arrangements and practice.
Many researchers demonstrated the possibility of using ultrasound to detect the spinous processes [2, 9, 15, 18] . Suzuki et al. [23] used ultrasound to figure out the spinous processes and the laminae so as to assess the axial spinal rotation. Harrison et al. [11] diagnosed abnormal spinal curvature in the fetus with the use of ultrasound. Furness et al. [9] identified lumbar intervertebral level with ultrasound imaging and found that the correct identification was up to 71 % of cases. Burwell et al. [2] evaluated a new realtime ultrasound to measure the differences between axial spinal and rib rotation at the apex of the spine curvature. Lam et al. [15] established a normal ultrasound assessment of lumbosacral spine in children and concluded that ultrasound is a useful tool for diagnosis of suspected tethering of the spinal cord. McLeod et al. [18] studied the effectiveness of ultrasonography to facilitate the insertion of epidural catheters in scoliosis patients.
To determine the optimum location of pressure pad is not easy in the fitting process of spinal orthosis, because the radiograph taken at the pre-brace stage could not provide real-time information of the spinal curvature and the 3D deformities change once pressure pad is applied. With the advancement of clinical ultrasound technology, tracing spinous processes along a scoliotic spine becomes possible, which means SPA can be obtained from ultrasound images. Since the outcome of orthotic intervention for AIS is considered to be associated with accurate orthosis fitting and patient's compliance to treatment, this study pursued the possibility of applying 3D CUS in the fitting process of spinal orthosis to patients with AIS. The accuracy of pressure pad location in the spinal orthosis can help to improve the effectiveness of orthotic treatment.
Furthermore, it is generally observed that bracing may cause a reduction of thoracic kyphosis or even leading to thoracic hypo-kyphosis. Using 3D CUS as a fast and noninvasive assessment tool, this possible adverse effect could be closely monitored during the fitting of spinal orthosis.
It is hypothesized that 3D CUS is feasible to improve the treatment effectiveness of spinal orthosis via monitoring the curvature changes during the fitting process, even useful in prevention of hypo-kyphosis by improper fitting of spinal orthosis.
Methods

Patients
The patient selection criteria were as follows: (1) female patients with AIS; (2) Cobb's angle: 20°-40°; (3) curve pattern: right thoracic (RT)/right thoracic and left lumbar (RTLL); (4) age: 9-14; (5) Risser's sign: B2; (6) newly prescribed with spinal orthosis.
Forty-three patients were selected from the same scoliosis clinic and treated by the same Orthotist who had more than 20 years of experience in fitting of spinal orthosis. Twenty-one patients (test group) were recruited for the ultrasound-assisted fitting method and 22 patients (control group) underwent the conventional fitting method. The patients of the test group were all new cases from 2009 to 2010, while the patients of the control group were selected retrospectively from 2006 to 2009. All the measurements were done by a blinded rater.
Equipment
All ultrasound examinations were performed with an Esaote Technos MPX ultrasound unit (Esaote China Ltd., China) with a 7.5 MHz linear transducer, and in conjunction with an add-on 3D tracking system (Tom Tec 3-D Sono-Scan Pro, Germany). A silicon sleeve was purposefully designed and attached to the ultrasound probe to ensure a good surface contact between the patients back and ultrasound probe.
Clinical procedure
The clinical assessment, measurement, design and fabrication of spinal orthosis (using CAD/CAM method) were the same for the test group and the control group, and the only difference was the orthosis fitting procedure. The prebrace posterio-anterior (PA) standing radiographs were routinely taken and used as references by the experienced Orthotist to design a blueprint for orthotic intervention. The patients were instructed to wear the orthosis 23 h a day for 2 weeks. After the 2-week adaptation period, the patients would return for further orthosis adjustments if necessary, and then they were referred to take in-brace PA standing radiograph for assessing the effectiveness of orthotic treatment.
In the control group, the Orthotist would use the conventional fitting method in which strategic adjustments are made, such as changing the location of the pressure pad or strap tension aiming to obtain the optimum improvement of the deformity through his own clinical experience and professional judgement.
In the test group, the patients were first scanned by 3D CUS in the standing position to obtain the spinous process images for estimation of the pre-brace SPA. Then they were fitted with spinal orthoses, and ultrasound imaging was performed at the posterior opening of the orthosis for tracing the spinal processes of the scoliotic spine. It was planned to alter the location of the pressure pad that would expect to render different biomechanical effects on the scoliotic spine. The experienced Orthotist started with his prescribed pad location (referring to the pre-brace radiograph) and strap tension (by experience). The Orthotist then made strategic adjustments, changing the location of the pressure pad (five positions: prescribed position; 1 and 2 cm above and below the prescribed position), so as to seek the optimum improvement of the SPA (best correction among the 5 pad locations). Once the lowest Cobb's angle (estimated from the SPA via 3D US images) was obtained after the deliberate changes, the optimum pad location was confirmed and recorded. The resting procedures were same as that of the control group.
Application of 3D CUS
Before data acquisition, a position sensor was fixed onto the transducer and an electromagnetic field transmitter was placed on a wooden scanning stool. The region of interest was scanned through a single sweep, the reconstructed 3D images were reviewed, and the spinous processes were identified in the images.
Pre-brace scanning
In the pre-brace stage, the patient was instructed in standing position with feet at shoulder width and eyes looking at a horizontal steadfast object (set by a tripod). With the 3D CUS system activated, the region of scoliotic spine was scanned through a single sweep and three successful trials of data were captured (Fig. 1) . One trial of a single sweep for acquiring the ultrasound images required about 40 s.
During the scanning, each slice of the images showed the transverse plane of the vertebra. After a complete scan, the 3D reconstructed ultrasound images of the whole spine were shown and analyzed with the Tom Tec system (Fig. 2a) . The spinous process and laminae present as bright white lines in the transverse plane, curve lines in the sagittal plane and white dots in the coronal plane. The transverse plane of a vertebra dummy is shown in Fig. 2b and the image of transverse level of the most prominent region of the spinous process captured from the ultrasound system is shown in Fig. 2c . There is a bright reflection (green circles) at the tip of the spinous process in those images. In the same images, the reflection on the origin of the laminae can be observed (red circles). The reflections are the major indicators for confirming the identification of the spinous processes and laminae with the 3D CUS. After identifying all the spinous processes, a purpose-design software named spinous process angle calculator (SPAC) was used, in which lines were drawn through the tips of spinous processes; the angles between the lines were accumulated, and the sum angle was the SPA of the measured curve. One trial of identifying all spinous processes (from T1 to T12 and from L1 to L5) along the scoliotic spine required 4 min.
In-brace scanning
In the current study, the location of pressure pad (Fig. 3 ) and the tightness of straps were firstly prescribed and marked by the experienced Orthotist according to the physical assessment and the pre-brace radiograph. The width of the posterior opening of spinal orthosis was set to 6.5 cm to ensure the ultrasound probe could get through the opening during 3D CUS scanning (the width of ultrasound probe is 6.2 cm). The width of the posterior opening was also used as the indicator to check the tightness of straps. The 3D CUS was then applied to assess the optimal location of the pressure pad. Before unfastening the straps of the spinal orthosis, a fast-grip setting was used to ensure the same orthosis tightness-using the width of the posterior opening as reference. After unfastening all the straps and exposing the posterior opening of the orthosis, the region of scoliotic spine was scanned through a single sweep (Fig. 4) . The location of the pressure pad was adjusted and three trials of ultrasound scanning were conducted for each location of pressure pad.
The image analysis was similar to that of the pre-brace stage and the scoliotic angles in the coronal plane and kyphosis/lordosis angles in the sagittal plane were calculated. The SPA of the coronal plane was then used to assess 
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[5] 1926-1935 1929 curve correction in the orthotic treatment and the location of pressure pad was confirmed accordingly.
Measurements of SPA (coronal and sagittal planes)
The reconstructed images of the scoliotic spine in the coronal and sagittal planes processed from the 3D CUS were sent to the SPAC to compute the SPA in the coronal plane (Fig. 5 ) and in the sagittal plane (Fig. 6) .
With all the 3D ultrasound images analyzed, the SPAs assessed under the five designated locations of pressure pad were compared. The location of pressure pad that offered optimal immediate curve correction was considered as the best location among the five tested locations (Fig. 3) . Similar method for confirming the optimal pressure pad location was applied onto all the 21 recruited patients of the test group to help improve the effectiveness of orthosis fitting. In this study, the patients of both the control group and the test group were assumed to have similar compliance to the prescribed treatment. A regular clinical followup was arranged after having orthotic treatment for 4 weeks and in-brace radiograph was taken for assessing the effectiveness of spinal orthosis.
Data analyses
The data were analyzed using the Statistical Package for Social Sciences (SPSS Statistics 17.0, Inc., USA). The confidence interval was set at 95 % (p \ 0.05). The paired Student's t tests were applied to compare the mean differences for the Cobb's angle (coronal plane) between the pre-brace stage and the immediate in-brace stage for the control group as well as the test group. In addition, the independent samples t tests were applied to compare the mean differences for curvature correction with reference to 
Results
Assessments of scoliotic spine (coronal plane and sagittal plane)
In the coronal plane, the mean SPAs were 21.6°and 15.9°a t the pre-brace stage and the in-brace stage, respectively (with pressure pad at optimal location). The intra-rater reliability [ICC (3,3)] for using ultrasound to measure SPA was [0.9 (p \ 0.05).
From the previous correlation study [16, 17] , two formulas were derived for converting SPA to Cobb's angle, which are y = 1.2963x-0.371 (r = 0.80, p \ 0.05) for the pre-brace stage and y = 1.1588x ? 0.5249 (r = 0.87, p \ 0.05) for the in-brace stage (y = SPA, x = Cobb's angle). Applying these formulas, Cobb's angle could be estimated from the SPA measured by 3D CUS. Furthermore, the correlation between the Cobb's angle estimated from SPA via 3D CUS and the Cobb's angle measured from radiograph was found significant in both the pre-brace stage (r = 0.81, p \ 0.05) and the in-brace stage (r = 0.89, p \ 0.05).
The effect of spinal orthosis on the scoliotic spine in the sagittal plane (thoracic kyphosis and lumbar lordosis) was investigated under different locations of pressure pad using 3D CUS. According to the data analyses, the mean thoracic kyphosis and lumbar lordosis in the pre-brace stage were 39.5°and 42.0°, respectively. The mean reductions of thoracic kyphosis were 9.6°, 9.5°, 10.0°, 10.3°, and 9.8°with the pressure pad at the five designated locations, respectively ( Table 1 ). The mean reductions of lumbar lordosis were 10.3°, 9.9°, 11.6°, 12.5°, and 11.7°with the pressure pad at the five designated locations, respectively ( Table 1) .
The independent samples t tests for the pre-brace stage and the in-brace stage showed that both thoracic kyphosis and lumbar lordosis were significantly decreased by spinal orthosis at all the five designated locations of pressure pad. The one-way repeated measures ANOVA for the in-brace stage indicated that no significant difference was found among different locations for pressure pad. Eur Spine J (2012) 21:1926-1935 1931 Effectiveness of 3D CUS assisted fitting method on scoliotic spine
In the test group, 13 out of 21 patients were required to adjust the location of pressure pad. This indicated that ultrasound assisted in the fitting method of spinal orthosis was effective and helpful to 61.9 % of the patients in this study.
The software named Photoshop (Adobe Photoshop CS2 version, Adobe Systems Inc., USA) was used to improve the image quality of the radiographs. Cobb's angle was measured by two observers (the first author and a blinded observer). The intra-rater [ICC (3, 3) ] and inter-rater [ICC(2,3)] measurement reliability of the Cobb's angle from radiographs were found 0.99 and 0.96, respectively (p \ 0.01). The pre-brace Cobb's angle of the test group was found no significant difference with that of the control group (p \ 0.01). The mean pre-brace thoracic Cobb's angles were 28.9°(±5.9°, range 18°-41°) and 27.1°(±5.9°, range 17°-38°) for the test group and the control group, respectively. The mean pre-brace lumbar Cobb's angles were 24.3°(±6.6°, range 10°-37°) and 25.1°(±6.2°, range 15°-39°) for the test group and the control group, respectively. The mean immediate correction of the test group was 10.3°for the thoracic curvature and 10.1°for the lumbar curvature. The mean immediate correction of the control group was 4.6°for the thoracic curvature and 6.0°for the lumbar curvature. The immediate correction of the test group was found significantly different from that of the control group (p \ 0.005) for both the thoracic and the lumbar curvature (Table 2) .
Discussions
As Cobb's angle is one of the standard assessment parameters for AIS, the amount of reduction in magnitude reflects the effectiveness of orthosis fitting. In the measurement of Cobb's angle, the end plates of the end vertebra bodies have to be identified. The limitations of using Cobb's angle (via radiographic assessment) are widely known to include multiple radiation exposures and expression of a 3D deformity in a 2D plane. Ultrasonography, however, can display directly the rotatory position of the lamina and the transverse processes. Suzuki et al. [23] used ultrasound to measure vertebral rotation in patients with AIS.
The development of ultrasound imaging technique is extending from soft tissue to hard tissue including bone. The great difference in the acoustic impedances of soft tissue and bone makes not all of the information of bone could be got with ultrasound, but some of the superficial structure of the bone could be obtained with this imaging technique. Taking the spine as an example, the vertebral body could not be imaged by ultrasound, but the spinous process could be traced. The posterior structure of the vertebra could be imaged as a bright curve. On the other hand, the 3D reconstruction technique has been successfully applied in the ultrasound imaging. With these developments, the spine could be reconstructed, and the spinous processes could be indentified from the ultrasound images. Even though these images may not be clear for the noisy signal, still they could contribute much in different fields. For example, this technique could be applied for screening the children with AIS and helping them achieve appropriate treatment as early as possible, and it could be used in the routine examination for the patients with AIS to monitor the effect of the orthoses. In this study, ultrasound scanning was conducted on 21 patients with AIS. The current study evaluated the feasibility of using ultrasound to detect the spinous processes (from T1 to T12 and from L1 to L5) in three dimensions (e.g., transverse, coronal and sagittal planes). The transverse plane of ultrasound images was used to identify the tips of spinous processes.
In the coronal plane, SPA was measured by ultrasound images and taken as a parameter to estimate Cobb's angle for assessing the scoliotic spine. The correlation between the Cobb's angle estimated from the measurement of SPA in 3D CUS images and the Cobb's angle measured from radiographs was found significant in both the pre-brace stage (r = 0.81, p \ 0.05) and the in-brace stage (r = 0.89, p \ 0.05). These promising results give evidence to support SPA as an alternative parameter in assessing scoliosis.
In the sagittal plane, thoracic kyphosis angle and lumbar lordosis angle were measured by 3D CUS. The normal range for thoracic kyphosis angle (from T3 to T12) is from 20°to 50°and normal range for lumbar lordosis angle (from L1 to L5) is from 35°to 55° [8, 10, 12, 24] . Current study found that both the thoracic kyphosis and lumbar lordosis were significantly decreased in the orthotic treatment with the five designated locations of pressure pad. However, no significant difference was found among the five locations of pressure pad. One patient was found to have hypo-kyphosis during the in-brace ultrasound scanning, but only slightly out of the normal ranges (within 5°). In this study, both kyphosis and lordosis angles were evaluated by SPA measuring from 3D CUS images, instead of Cobb's angle, because lateral radiographs were not available for the majority of patient (not a routine practice). It is generally believed that spinal orthosis could possibly induce a reduction in the kyphosis [1, 3, 4, 5, 25] . But more evidence is needed to prove that the reduction in kyphosis caused by spinal orthosis could lead to hypo-kyphosis/ lordosis. The current study used 3D CUS as a fast and noninvasive technique to monitor the changes of scoliotic spine during the fitting method of spinal orthoses. With this assessment, the data are more convincing to support the concern that spinal orthosis would likely cause hypo-kyphosis/lordosis in the patients with AIS. Since hyper/hypokyphosis/lordosis would make the spine structure unstable [11] , it is meaningful to monitor the changes in kyphosis and lordosis during the orthotic treatment.
The 3D CUS assisted fitting method was demonstrated to improve the effectiveness of orthotic treatment. There are 13 patients out of the 21 recruited who were required to adjust the location of the pressure pad, which indicated that ultrasound assisted in the fitting method of spinal orthosis was effective and helpful to 61.9 % of the patients in this study. The mean immediate correction of the test group was 10.3°for thoracic curvature and 10.1°for lumbar curvature. The mean immediate correction of the control group was 4.6°for thoracic curvature and 6.0°for lumbar curvature. The immediate correction of the test group was found significantly higher than that of the control group for both the thoracic and lumbar curvature. In general, the ultrasound-assisted fitting method improves the in-brace correction to nearly double. These results indicate that 3D CUS could be further applied in the fitting method to improve the accuracy of determining the optimal location for pressure pad, thus enhancing the treatment effectiveness.
This study suggested that 3D CUS could be a new approach to non-invasive, reliable, valid and fast assessment for scoliosis in routine clinical follow-up, especially for improving the fitting method of spinal orthosis that could improve the treatment effectiveness with determining the accurate position for pressure pad of spinal orthosis. In summary, 3D US is considered to be a potential radiation-free technique for assessing scoliosis from a 3D approach especially for improving the accuracy of fitting method of spinal orthosis. This advanced fitting protocol is worthy of further investigation in the future.
Limitations and further studies
The patients of the test group were recruited prospectively, while the patients of the control group were retrospectively selected from the data base (from 2006 to 2009). However, all the patients were treated by the same Orthotist.
The existing 3D CUS assisted fitting method is only applicable to the orthotic design with posterior opening and without ferrous components, because the Tom Tec 3D tracking system uses electromagnetic wave to transmit and receive 3D data, and any ferrous materials can affect its accuracy.
Although this study developed a reliable and valid method for tracing SPA which is considered as an important parameter to estimate Cobb's angle for evaluating scoliosis, the findings could only represent moderate AIS instead of a wide range of the deformity. Moreover, the identification procedure of spinous processes (from T1 to T12 and from L1 to L5) requires around 4 min for one trial of ultrasound image and there were 18 trials of ultrasound images (including the pre-brace stage and the in-brace stage) acquired from each patient. This procedure is relatively time-consuming. Therefore, an image processing system with automatic identification of the spinous processes should be developed to facilitate the measurements.
Furthermore, the current study mainly focused on investigating the location of thoracic pressure pad, while the location of lumbar pad and the tightness of the strap could also contribute to curvature correction. Since more combination of the biomechanical factors of spinal orthosis would require more time, it is not practical to investigate different factors at a time. Future studies could be conducted to test the effect of other biomechanical factors of spinal orthosis.
In addition, the accuracy of using 3D CUS to assess kyphosis and lordosis is yet to be further evaluated. It is because not all of the patients in this study had lateral radiographs in clinical routine. Future study could be conducted to investigate the correlation between kyphosis/ lordosis angle estimated by 3D CUS and that measured from lateral radiographs.
The current study only compared the immediate curvature correction (in-brace correction after having a month of treatment) of the conventional fitting method (control group) and the 3D CUS assisted fitting method (test group) by assuming the patient's compliance of both groups was similar. Even though the mean immediate curvature correction of the test group is significantly higher than that of the control group (p \ 0.005), long-term effect of orthotic treatment is needed to be further investigated if the patient's compliance could be monitored in future study.
Conclusions
A non-invasive, reliable, valid and fast method for measuring the SPA via using 3D CUS has been developed in this study. The Cobb's angle estimated from the SPA of the 3D CUS is significantly correlated with the Cobb's angle measured from the radiographs. The 3D CUS has been demonstrated to be an effective tool for improving the accuracy of fitting of spinal orthosis. With continuous development of 3D CUS, its applications can be extended to screening and routine assessment of scoliosis and other spinal deformities.
